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Abstract: Semiconducting properties of nanoparticle coating on liquid metal marbles can 
present opportunities for an additional dimension of control on these soft objects with 
functional surfaces in aqueous environments. We show the unique differences in the 
electrochemical actuation mechanisms of liquid metal marbles with n- and p-type 
semiconducting nanomaterial coating. A systematic study on such liquid metal marbles 
shows voltage dependent nanoparticle cluster formation and morphological changes of the 
liquid metal core during electrochemical actuations and these observations are unique to  
p-type nanomaterial coated liquid metal marbles. 
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Liquid metal marbles (LMMs) have recently been introduced as a new material platform, 
which interface the functionality of semiconducting nanoparticles with that of a liquid metal 
core [1]. The ability to integrate a liquid metal with these types of nanoparticles has been 
utilized to realize several unique systems, including simple functional electronic junctions 
and highly sensitive electrochemical heavy metal ion sensors [1].  
Controlled actuation of objects is of great interest in various multidisciplinary micro- and 
nano- engineering, biological and industrial applications with applications such as liquid 
metal enabled pumps [2] and actuators [3]. Actuation has been achieved by exploiting a wide 
range of phenomena including optical stimulation [4-6], chemical fuels [7,8], catalysis [9-11], 
diffusiophoresis [12], bioelectrochemical propulsion [13], ultrasound propulsion [14], 
magnetism [15,16], photochemical [17] and electrostatic and dielectrophoretic attraction [18]. 
The fundamental requirement for the actuation of an object is the introduction of asymmetry 
[19]. A promising method to induce such asymmetry especially in rigid objects is through the 
technique of bipolar electrochemistry [18]. In the case of soft objects, there are also other 
means to induce asymmetry such as inducing differential interfacial surface tension through 
the application of an electric field (Lipmann’s equation) [20]. For example, in the case of 
liquid metal in an ionic electrolyte, the surface properties of the liquid metal can be altered 
upon exposure to an external electric field [20]. This behavior has been experimentally 
demonstrated and motion was observed [20,21]. The principle of motion was attributed to 
continuous electrowetting effect on the liquid metal-electrolyte interface [20,21]. Recently, 
we have reported the ability to actuate nanoparticle coated liquid metal marbles (LMMs), by 
inducing such asymmetry by electrochemically changing the interfacial surface tension [21].  
In our previous investigation on the actuation of LMMs, the nanoparticle coating was n-type 
(WO3) [21].  A recent report presented a study of the electrowetting behavior of liquid metal 
in contact with a bulk semiconductor [22] and found that the electrowetting is dependent on 
the type (p or n) of semiconductor interfacing the liquid metal. This finding raises the 
question of whether the type of semiconducting nanoparticles used as the coating of a LMM 
may influence its actuation behaviour. In this letter, we study the electrochemical actuation of 
a LMM coated with nanoparticles of p-type semiconducting material. It is hypothesised that 
the electrochemical properties of the LMM surface will be greatly affected by whether the 
semiconducting nanoparticles used as the functional particle coating are donors or acceptors.  
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In order to investigate our hypothesis, we compare the results of our previous work on LMMs 
coated with n-type semiconductors to the behaviour of LMMs coated with p-type 
semiconductors prepared using similar methods and actuated using similar conditions [21]. 
To create the p-type nanoparticle coated LMMs, equally sized droplets (diameter 2 mm) of 
liquid metal (galinstan, which is an eutectic alloy of 68.5% Ga, 21.5% In and 10% Sn) are 
coated with p- type nanoparticles (CuO) by rolling them on a nanoparticle bed. To induce 
electrochemical actuation, the LMM is placed in the centre of an open PDMS channel with a 
width of 4 mm, height of 6 mm and length of 40 mm filled with an aqueous NaOH electrolyte 
solution of pH 13.5. A DC electric field is applied between two inert graphite rods of 5 mm 
diameter (Johnson Matthey Ultra “F” purity grade) that are placed in two cylindrical slots on 
either sides of the channel. A DC voltage of 25 V is applied between the two electrodes and 
the behaviour of the LMM is recorded using a high speed camera (Phantom v4.3, Vision 
Research Inc.) fitted with a Navitar 12 mm Zoom 6000 lens, 0.67×  adapter and 0.25× lens 
attachment. 
Figure 1a presents the time-lapse response of a p-type CuO coated LMM to a stimulus of  
25 V. Both top and side views are presented (obtained separately from two identical 
experimental runs). From these sets of images, it can be seen that after 2 s, the p-type CuO 
coated LMM elongates considerably on the anodic pole with the formation of wrinkles on its 
surface. The LMM flattens against the base of the channel while the nanoparticles on the 
surface of the liquid metal migrate towards the cathodic pole. At 4 s, the LMM ceases to 
move and begins to regain its spherical shape on its anodic pole while a prominent tail 
formation is observed on the cathodic pole with concentrated CuO nanoparticle cluster 
(Figure 1b). At 6 s, the observed wrinkles on the surface of the anodic pole begin to disappear 
to form a more reflective surface, with the position of the LMM moves slightly back towards 
the anode. At 8 s and 10 s, the LMM continues to move toward the anode. This can be clearly 
observed from the residue nanoparticles outline formed on the base of the channel (indicated 
by an arrow). At 12 s, the LMM flattens against the base of the channel and significantly 
stretches out on its anodic pole changing direction again moving slowly towards the cathode. 
It can also be observed that nanoparticles have formed a dense cluster which is attached to the 
volume of liquid metal through only a thin strand of liquid metal. At 13.76 s, the nanoparticle 
cluster is dislodged from its anodic tail and the liquid metal regains an almost spherical shape 
with the whole surface of the liquid metal becoming highly reflective in appearance. At this 
point the direction of motion abruptly reverses with the liquid metal droplet swiftly 
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accelerating towards the anode passing through the midway point of the channel at 14.01 s 
[23].  Figure 1d presents a plot of the displacement of the LMM along the channel with 
respect to time. Control experiments with bare galinstan droplet [21] and non-semiconductor 
coated LMM indicate similar actuation mechanisms, with both of them moving rapidly 
towards the anode upon the application of an external voltage [24]. 
Comparing the results of Figure 1 with the previous results obtained using n-type 
semiconducting nanoparticles [21], several differences are observed in the actuation 
mechanism of n- and p-type coated LMM, as summarized below.  
(i) The direction of movement of the LMM is found to be dependent on the type of 
coating, with the n-type coated LMM moving towards the anode, while the p-type 
coated LMM moving towards the cathode.  
(ii) The n-type coated LMM appears to move much more swiftly when compared to 
p-type coated LMM.  
(iii) A significant wrinkling can be observed on the surface of the p-type coated LMM 
together with surface deformation on hemisphere facing the electrode toward 
which the LMM while a reflective surface can be observed on the n-type coated 
LMM on that hemisphere.  
(iv) Though the migration of the nanoparticles towards the hemisphere not facing the 
electrode to which the LMM moves is evident in n-type and p-type coated LMM, 
the n-type coated LMM retains its uniform coating on its anodic pole and the 
migrating nanoparticle coating from the cathodic pole increases the coating 
density at its equator to form a thick dark band of nanoparticles, while the p-type 
nanoparticles migrate to form a dense nanoparticle cluster which is attached the 
liquid metal volume on a progressively thinning liquid metal  tail at the cathodic 
pole.  
(v) In the case of the p-type coating, the liquid metal tail eventually thins to the point 
of breaking, separating the particle cluster from the liquid metal droplet which 
abruptly changes direction and swiftly moves towards the anode following 
behaviour previously observed for un-coated liquid metal droplets [21]. These 
differences during the actuation of n-type and p-type coated LMM suggest that the 
actuation mechanism is significantly influenced by the semiconducting properties 
of the coating on the LMM. 
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In our previous investigations on n-type coated LMM, the actuation characteristics where 
observed to be voltage dependent [21]. Hence, we hypothesize that if the semiconductor 
properties of the nanoparticle coating are responsible for the observed differences in the 
actuation mechanism, it should be strongly dependent on the applied voltage. Therefore by 
varying the voltage of the p-type coated LMM, it should be possible to observe abrupt 
changes in the actuation behaviour. In order to investigate this hypothesis, the experiment to 
obtain Figure 1 at 25 V was repeated with a series of step voltages 5, 10, 15 and 20 V.  
Figure 2a presents the time lapse images of the first three seconds of the actuation and the 
time at which the nanoparticle cluster is formed. From this figure, it can be observed that 
there is a significant morphology change on the anodic pole that varies with the applied 
voltage, with significant wrinkling observed at the onset of the movement of the LMM at  
20 and 25 V. At 10 and 15 V, formation of lobes is evident with the surface of the liquid 
metal on the anodic pole remaining reflective. However, at 5 V, it can be observed that the 
deformation is very minimal with the surface remain reflective. On the cathodic pole, it can 
be observed that the migrating nanoparticles begin to accumulate at its tail to form a dense 
cluster. The location of the formed cluster with respect to the length of the channel appears to 
vary systematically with the different voltages applied. To analyse this observation more 
carefully, Figure 2b presents a plot of the measured distance between the start of the 
nanoparticle cluster to the centre of the channel (Lcluster) as a function of the applied voltage. 
Figure 2c presents the displacement of the droplet measured from its cathodic pole as a 
function of time for each of the applied voltages. It can be seen that the LMM begins to move 
towards the cathode for all of the applied voltages, with the time and distance covered 
varying with respect to the applied voltage. It can also be seen that once the nanoparticle 
cluster is disconnected from the LMM (indicated by arrow in Figure 2d), the bare droplet 
follows its characteristic actuation behaviour [21] moving swiftly to the anode for all voltages 
except at 5 V. 
From Figure 2a and 2b, it can be noted that the nanoparticles cluster formation at a single 
point along the channel, with the measured distance between the cluster formation points to 
the centre of the channel (Lcluster) increasing with decreasing voltages. Here, we attempt to 
explain this characteristic observation. As discussed in our previous investigation [21], the 
actuation of the liquid metal is caused by continuous electrowetting. The liquid metal, being a 
good conductor is at equipotential, but the surrounding electrolyte has only modest 
conductivity and exhibits a potential gradient. Thus, there is a non-uniform potential drop 
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across the interface between the liquid metal and the surrounding electrolyte. The interfacial 
energy between these two materials is reduced in proportion to this potential drop and thus 
the metal droplet deforms and moves in order to maximise this potential drop.  
In the case of a liquid metal marble coated with p-type semiconducting nanoparticles we 
would expect that the semiconducting CuO nanoparticles on the LMM form a metal 
semiconductor junction (Schottky contact) [1]. Under certain bias conditions we would 
expect the CuO to behave as an insulator and other bias conditions as a conductor. When the 
CuO behaves as an insulator, the potential difference between the liquid metal and the 
surrounding electrolyte will be dropped across this insulating semiconductor, rather than 
across the electrical double layer which is energetically unfavourable. Thus, the particles on 
the surface would re-organize to minimize the potential drop across the nanoparticles while 
maximising the potential drop at the surface of the bare metal. This situation is common to 
both p-type and n-type semiconductors when operating as insulators. However, in the case of 
p-type CuO nanoparticles, it is possible to achieve forward bias conditions resulting in the 
semiconductor becoming conductive. In this case, the potential will not drop across the 
semiconductor, but will rather drop across the electric double layer at the interface between 
the semiconductor particle and the electrolyte. This situation would be energetically 
favourable and thus it would be expected that if the particle coating were found in a region 
with a sufficient potential drop to achieve forward bias, the particles would congregate there 
and it would be difficult to move the particles out of this region, even if the liquid metal 
carrying the particles would gain an energy benefit by moving away. In this case, it might be 
expected that the particles would remain pinned at the location where the forward bias 
potential was achieved while the liquid metal would drain away from beneath the particles to 
relocate to a more energetically favourable location.  
The characteristic potential distribution along the length of channel containing an electrolyte 
(as shown in Figure 3) is predominantly linear in the mid region (except at the vicinity of the 
electrodes). Hence, the liquid metal-semiconductor junction is expected to conduct at a 
particular point on the channel where the threshold potential difference is met for this 
junction to become conductive. This explains the clustering of the nanoparticles to a single 
point on the cathodic pole, which can be inferred as the threshold point at which the junction 
becomes conductive. It would be expected that at higher voltages, the point along the length 
of the channel will be closer to the centre of the channel and this point is expected to move 
away from the centre towards the cathode for decreasing voltages. Hence, as observed in the 
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plot in Figure 2b, the point at which the clustering of the nanoparticles occurs tends to move 
away from the centre of the channel towards the cathode for decreasing voltages. It can be 
expected that as the voltage becomes very low, the point at which the junction become 
conductive moves closer to the cathode requiring the LMM to move a long way before the 
liquid metal-nanoparticle junction become conductive. However, as observed previously [21], 
the applied voltage is too low for the LMM to move. Hence, it can be expected that the 
distance between the formed cluster to the centre of the channel (Lcluster) would vary 
hyperbolically to the applied voltage.  
In Figure 2a, it can also be observed that there is a morphology change on the anodic pole of 
the p-type coated LMM and here we attempt to explain this observation. It can be expected 
that a forward bias condition at the cathodic pole where the nanoparticles accepts electrons 
would also electrochemically favour surface oxidation at the anodic pole of the LMM in a 
strong basic environment and intensity of surface oxidation is dependent on the applied 
voltage. From Figure 2a, it can be seen that at 25 V, wrinkles appear on the surface of the 
liquid metal on its anodic pole and this is attributed to the formation of surface oxide. 
However, with decreasing voltages (<20 V), surface wrinkling decreases and lobe formation 
is evident with the surface remaining reflective and the number of lobes formed on the anodic 
pole tends to have a relation with the applied voltage.  It is proposed that the observed ‘lobes’ 
of liquid metal observed in Figure 2a (at 15 V for example) are caused by the progressive 
formation and then rupturing of an oxide layer releasing lobes of un-oxidised liquid metal 
which extend towards the cathode before becoming oxidised themselves.  
We also conduct actuation experiments using different sized p-type coated LMMs, with 
diameters ranging from 0.7 to 3.2 mm. The results show a similar nanoparticle cluster 
formation on the cathodic pole, which is found to be dependent on the size of the LMM. 
Furthermore, we notice that the number of lobes formed on the anodic pole of the LMM 
depends on the size of the LMM [25]. 
We also investigate the influence of the channel dimensions on the actuation mechanism by 
conducting an experiment in NaOH electrolyte without confining the LMM to a channel, 
when an external voltage of 25 V was applied across the electrolyte [26]. We find that the 
LMM moves along the electrical field lines formed between the two electrodes maintaining 
its actuation characteristics, similar to that shown in Figure 1a. Finally, the actuation 
experiments are also conducted in other aqueous solutions such as NaCl and H2SO4. The 
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LMM is observed not to move in either of these solutions, confirming that the actuation 
mechanism occurs only in a basic environment [21].  
 In summary, we investigated the actuation mechanism of LMMs formed by a p-type 
nanoparticle coating (CuO) and have demonstrated to be significantly different to n-type 
coated LMMs. It was found that the p-type particles significantly alter the actuation 
behaviour and morphology of the liquid metal marbles during their transition from insulating 
to semiconducting state. The dramatic change in actuation behaviour observed with different 
particles coatings and under different bias conditions of the nanoparticle coatings suggests 
opportunities to engineer LMMs that can respond differently to the same stimulus and for 
precise and selective electronic or even photonic control of the liquid metal actuation. Such 
sophisticated control options may enable applications including controlled nanoparticle 
payload dispensing and self-actuated micro and nanosensors.  
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Figure 1. Time lapse (a) top view images of p-type CuO coated LMM when a voltage of  
25 V was applied across the electrodes, inset – their respective side view images (images 
were obtained separately on identical experimental runs) and zoom-in top view images of the 
LMM during actuation at (b) 4 s and (c) 12 s. (d) Time-displacement plot presenting the 
movement of the LMM. 
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Figure 2. (a) Time lapse top view images at 1 s, 2 s, 3 s and the time at which the 
nanoparticle cluster is formed on the cathodic tail of the p-type coated LMM for applied 
voltages of 5, 10, 15, 20 and 25 V. (b) measured distance between the centre of the channel to 
the nanoparticle cluster (Lcluster) as a function of the applied voltages, (c) Time-displacement 
plots for various DC voltage steps from 5 to 25 V and (d) a snap-shot of the nanoparticle 
cluster (arrow) completely dislodged from the cathodic tail. 
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Figure 3. The characteristic potential distribution along the channel containing a basic 
electrolyte when a DC external voltage is applied across the electrodes, and a schematic of 
the nanoparticle cluster formation during the electrochemical actuation of a p-type coated 
LMM. 
 
 
